Different functional classes of dorsal root ganglion sensory neurons project their axons to distinct target zones within the developing spinal cord. To explore the mechanisms that link sensory neuron subtype identity and axonal projection pattern, we analyzed the roles of Runx and ETS transcription factors in the laminar targeting of sensory afferents. Gain-and loss-of-function studies in chick embryos reveal that the status of Runx3 expression is a major determinant of the dorso-ventral position of termination of proprioceptive and cutaneous sensory axons. In addition, the level of expression and/or activity of Runx3 in individual proprioceptive sensory neurons appears to specify whether their axons terminate in intermediate or ventral regions. Our findings suggest that the selectivity of Runx3 expression, and its level of activity, control sensory afferent targeting in the developing spinal cord.
Introduction
Information about the external world is conveyed to the central nervous system by a diverse array of primary sensory neurons. The discriminatory capacity of sensory systems is initiated by the differentiation of sensory neurons into functional subclasses, each specialized to transmit a specific stimulus quality. During the assembly of sensory circuits, the axons of distinct classes of sensory neurons project into the central nervous system in a highly ordered manner, establishing a correlation between the modality of the sensory stimulus, the position at which axons terminate, and their target connectivity. But in most instances, the mechanisms that link the specification of sensory neuron subtype to the stereotypic arrangement of their axonal projections have yet to be defined.
In the vertebrate somatosensory system, stimuli are conveyed from the periphery to the spinal cord by sensory neurons located in dorsal root ganglia (DRG) that flank the spinal cord. DRG neurons can be divided into two main functional classes: proprioceptive neurons, which convey information about the state of muscle contraction and limb position, and cutaneous neurons, which convey tactile and noxious stimuli from receptors in the skin (Light and Perl, 1979; Brown, 1981; Sugiura et al., 1986) . The axons of distinct sensory neuron subtypes terminate in different laminar target zones within the spinal cord ( Figure 1A ) (Brown, 1981) . The diverse classes of cutaneous sensory neurons terminate within the dorsal spinal cord (Brown, 1981; Swett and Woolf, 1985; Woodbury and Scott, 1991; Zylka et al., 2005) . In contrast, the three main classes of proprioceptive sensory neurons, group Ia, Ib, and II afferents, each send projections to an intermediate target zone but differ in the extent of their ventral projections. Group Ib afferents do not extend beyond the intermediate zone, group II afferents project only sparsely into the ventral spinal cord, and group Ia afferents send extensive ventral collateral projections ( Figure 1A ) (Brown and Fyffe, 1978, 1979; Brown, 1981; Hoheisel et al., 1989; Watson and Bazzaz, 2001) . Because different laminar zones are populated by distinct classes of projection neurons (Brown, 1981; Willis and Coggeshall, 1991) , the selection of sensory axonal termination position has a critical role in establishing patterns of sensory connectivity.
The distinct identities of cutaneous and proprioceptive sensory neurons are known to emerge soon after cell cycle exit and are revealed by the differential expression of the Trk neurotrophin receptors (Mu et al., 1993; Farinas et al., 1998) . The neurotrophin receptors TrkA and TrkB are expressed by different subpopulations of cutaneous sensory neurons, whereas TrkC is expressed by proprioceptive sensory neurons (Snider, 1994; Oakley et al., 2000) . Trk receptor signaling has been shown to control many aspects of DRG neuronal survival and differentiation (Lefcort et al., 1996; Huang and Reichardt, 2001; Markus et al., 2002) . In addition, recent genetic studies have shown that the substitution of TrkA by TrkC in cutaneous sensory neurons can reroute their axons into the ventral spinal cord (Moqrich et al., 2004) , suggesting that differential Trk-receptor expression and signaling participates in laminar target selection. But it remains unclear whether Trk receptors act directly or indirectly to control sensory axon targeting.
There is emerging evidence that the specification of spinal sensory neuronal identity and axonal projection pattern is controlled by the differential expression of transcription factors (McEvilly et al., 1996; Anderson, 1999; Chen et al., 2001) . Proprioceptive sensory neurons express the Runx protein Runx3 and the ETS protein Er81, whereas many cutaneous sensory neurons express a related Runx protein, Runx1 (Lin et al., 1998; Arber et al., 2000; Levanon et al., 2002; Inoue et al., 2002) . Genetic studies in mice have provided initial evidence that these Runx and ETS factors are required for the formation of proprioceptive axonal projections within the spinal cord. Inactivation of Runx3 severely impairs the projection of proprioceptive axons into the spinal cord (Levanon et al., 2002; Inoue et al., 2002) , although this phenotype appears to result, at least in part, from the death of sensory neurons (Levanon et al., 2002) . In contrast, in mice lacking Er81 function, proprioceptive axons reach the intermediate zone but fail to extend collaterals into the ventral spinal cord (Arber et al., 2000) . Despite these advances, the transcriptional logic *Correspondence: tmj1@columbia.edu and receptor signaling mechanisms that direct cutaneous and proprioceptive sensory neurons to their distinct laminar target zones remain poorly understood.
To gain further insight into the link between sensory neuron subtype identity and axonal projection pattern, we have examined the respective contributions of Runx and ETS transcription factors to the laminar targeting of proprioceptive sensory axons in chick embryos. To determine the primacy of transcription factor activity, we assessed whether the expression of Runx3 or Er81 in sensory neurons is sufficient to redirect axons into the ventral spinal cord. And to examine how the trajectories of different proprioceptive sensory neuron classes are controlled, we have explored the relationship between the level of Runx3 expression and the pattern of proprioceptive axonal projections.
Results

Runx3 Expression Defines Developing Proprioceptive DRG Neurons
To begin to assess the function of Runx3 in regulating the pattern of sensory afferent projections in the spinal cord, we analyzed the developmental profile of Runx protein expression in brachial level DRG neurons, in stage 18 to 35 chick embryos.
Runx3 was detected in DRG neurons from stage 24 onward, and the total number of Runx3 + neurons increased until stage 35 ( Figures 1B-1D and 1F) . At stage 26, Runx3 was expressed by w20% of all DRG neurons (defined by Isl1/2 expression) ( Figures 1E and 1G ), but between stages 28 to 35, this proportion was diluted to w10%, as cutaneous sensory neurons are generated ( Figures 1E and 1G ) (Carr and Simpson, 1978) . From stage 30 onward, Runx3 + neurons were concentrated in the ventro-lateral domain of the DRG ( Figures 1C  and 1D ), and they coexpressed the proprioceptive neuronal marker TrkC and excluded the cutaneous neuronal markers TrkA and TrkB ( Figures 1H-1J ). At stage 35, >80% of Runx3 + DRG neurons coexpressed the ETS transcription factor Er81 ( Figure 1K ). We found that the level of Runx3 expression in the nuclei of individual Isl1/2 + and TrkC + DRG neurons varied widely, even between neurons that expressed similar levels of a general nuclear marker protein, acetyl-Histone H3 (Figures 1L and 1M and Figure S1 ; see Experimental Procedures). The potential significance of this variation in Runx3 expression level is explored below.
The expression of Runx1 was first detected in DRG neurons at stage 26, after the onset of Runx3 expression, and the number of Runx1 + neurons increased progressively until stage 32 ( Figures 1B-1D and 1F ). From stage 30 onward, Runx1 + neurons were segregated to the dorso-medial domain of the DRG ( Figures 1C and  1D) , and virtually all of them coexpressed TrkA (Figure S2 ). Individual DRG neurons did not coexpress Runx3 and Runx1 between stages 26 and 35 ( Figures  1B-1D ). Together, these observations indicate that Runx3 expression is restricted to TrkC + proprioceptive, and Runx1 expression to TrkA + cutaneous, sensory neurons, a profile consistent with the expression of these two genes in mouse DRG (Levanon et al., 2002; Inoue et al., 2002; Kramer et al., 2006) .
Runx3 Expression Does Not Elicit a Wholesale Switch in Sensory Neuron Identity
To examine the role of Runx3 in the differentiation of proprioceptive DRG neurons, we developed a method Figure S1 ). (M) Runx3 and acetyl-Histone H3 protein levels in individual DRG neurons.
to express transgenes selectively in DRG through focal in ovo electroporation (Figures 2A-2C ) (Muramatsu et al., 1997) . Embryos were electroporated at stage 26 with CMV-or CAGGS-based vectors and analyzed between stage 30, soon after sensory axons enter the spinal cord, and stage 35, when axons have established laminar-specific projections (Lee et al., 1988; Davis et al., 1989; Glover, 1995, 1997) .
We found that CMV and CAGGS promoters differed in their profiles of transgene expression. The CMV vector directed transgene expression to cutaneous and proprioceptive sensory neurons in proportions that reflected their prevalence in the DRG ( Figures S3A, S3B , and S3E), whereas the CAGGS vector targeted proprioceptive neurons with a frequency w3-fold greater than cutaneous neurons ( Figures S3C, S3D , and S3F). Both vectors directed transgene expression in a high proportion (30%-40%) of DRG neurons at stage 30 (Figures S3G-S3L ), but the persistence of transgene expression differed at later stages. With the CMV vector, only 2.4% 6 1.5% of DRG neurons retained transgene expression at stage 35, and very few labeled sensory axons were detected, whereas with the CAGGS vector, transgene expression was maintained in 7.8% 6 1.7% of DRG neurons, and resulted in intense axonal labeling. Based on these observations, we used the CMV-based vector primarily to analyze the influence of Runx3 on sensory neuron identity and the initial stages of axonal projection and the CAGGS-based vector to analyze later phases of sensory axonal trajectory within the spinal cord.
We examined first the consequences of ectopic expression of Runx3 on the molecular phenotype of cutaneous DRG neurons. After electroporation of CMVRunx3 at stage 26 and analysis at stage 35, expression of Runx3 was detected in a scattered subset of dorsomedially positioned DRG neurons ( Figures 2E-2G , 2I, and 2J). Many of these neurons coexpressed Runx1 and TrkA (Figures 2F and 2G) , and the incidence of Runx1 expression in sensory neurons that expressed exogenous Runx3 (45%) was similar to that found for sensory neurons that expressed a control nuclear LacZ marker, after electroporation of a nLacZ construct (Figure 2H ). In addition, the mean level of exogenous Runx3 protein in TrkA + neurons was similar to the level of endogenous Runx3 in proprioceptive DRG neurons at stages 30 and 35 ( Figure 2D and Figure S3L ). However, ectopic expression of Runx3 did repress expression of TrkB ( Figures S2E-S2H ), consistent with findings in mice (Kramer et al., 2006) . Ectopic dorso-medially positioned Runx3 + neurons did not acquire expression of the proprioceptive markers TrkC or Er81 ( Figures 2I and 2J) . Thus, the ectopic expression of Runx3 in DRG neurons does not extinguish key markers of the cutaneous character of TrkA + neurons, although it does repress certain other cutaneous sensory neuronal markers. 
Runx3 Expression Changes the Position of Cutaneous Sensory Axons within the Dorsal Funiculus
We next examined whether Runx3 expression influences the axonal trajectory of DRG neurons. During development, the axons of cutaneous and proprioceptive sensory neurons enter the spinal cord via the dorsal root entry zone (drez), bifurcate, and extend axonal branches rostrally and caudally within the dorsal funiculus for several segments ( Figure 3A ) (Davis et al., 1989; Eide and Glover, 1995; Ozaki and Snider, 1997) . By stage 32, the axons of proprioceptive sensory neurons have become restricted to the medial half of the dorsal funiculus, whereas the axons of cutaneous sensory neurons are positioned more laterally ( Figure 3B ) (Eide and Glover, 1997) . From stage 30 onward, these ascending and descending sensory axons give rise to collaterals that enter the spinal gray matter in the transverse plane. By stage 35, these axons have projected to different dorso-ventral positions as a function of their subtype identity ( Figure 1A ) (Eide and Glover, 1997) : cutaneous sensory axon collaterals are restricted to the dorsal horn, whereas proprioceptive sensory collaterals are found in the intermediate and ventral spinal cord (Eide and Glover, 1997) . We set out to examine whether the status of Runx3 expression influences the location of sensory axons along the medio-lateral axis of the dorsal funiculus and the positioning of their collaterals along the dorso-ventral axis of the spinal cord.
To assess the medio-lateral segregation of sensory axons within the dorsal funiculus, we used immunofluorescence histochemistry to quantify Trk protein expression at stage 35. In control embryos, 89% of TrkC protein was found in the medial half of the dorsal funiculus, and 83% of TrkA protein was located in the lateral half of the dorsal funiculus ( Figures 3C, 3D , and 3G). After CMV-driven expression of Runx3 at stage 26 and analysis at stage 32, we detected a marked medial shift in the distribution of TrkA + axons, such that w50% of TrkA + axons were now located in the medial half of the dorsal funiculus ( Figures 3E and 3H ). In contrast, Runx3 expression did not change the medio-lateral distribution of TrkC + axons (Figures 3F and 3H) . Thus, the expression of Runx3 causes many TrkA + cutaneous axons to adopt a medial position within the dorsal funiculus, a location normally reserved for proprioceptive axons.
Expression of eGFPf Delineates Axonal Trajectories of Individual Sensory Afferents
To provide a basis for examining the influence of Runx3 on the dorsoventral termination of sensory axons, we monitored the projection of individual sensory axons in control embryos. DRG neurons were electroporated at stage 26 with a CAGGS vector encoding a membrane targeted (farnesylated) derivative of eGFP (eGFPf), and axonal trajectory was assessed at stage 35 (Figures 4A, 4B, 4D, 4E, and 4G) . The medio-lateral position of axonal collateral entry was correlated with the ventralmost axonal collateral termination point (bold x in Figures 4C, 4F, and 4H) and with the position of secondary collateral endings (faint x in Figures 4C, 4F , and 4H). The point of termination of each axon collateral was established by high-power microscopic visualization of discrete axonal endings that exhibited expanded varicosities ( Figure S4 ). To provide a quantitative measure of axon collateral projections, we devised a dorso-ventral termination index (DTI), in which the position of the ventral-most terminal of each traced collateral was assigned a value ranging from 0 (extreme dorsal) to 1 (extreme ventral) ( Figure 4H ).
In control embryos electroporated with eGFPf tracer alone, we found that axon collaterals that entered the spinal gray matter from the lateral part of the dorsal Figure S5A ), presumably reflecting the diversity of cutaneous sensory neuron subtypes. In contrast, we found that eGFPf + axon collaterals that entered the gray matter from a medial position terminated deep in the dorsal spinal cord (the intermediate zone) or in the ventral spinal cord . Of the total population of eGFPf + axons with medial collateral entry points, 74% terminated in the ventral spinal cord (mean DTI: 0.75) ( Figure 4J ) and exhibited an intraspinal trajectory and branching pattern reminiscent of that of group Ia or group II proprioceptive afferent collaterals (Figures 4D and 4G and Figure S5C ) (Brown and Fyffe, 1978; Hoheisel et al., 1989) . The remaining 26% of axon collaterals with medial entry points terminated in the intermediate zone (mean DTI: 0.40) ( Figure 4J ). Some of the axons with termination points in the intermediate spinal cord exhibited a spray-like pattern of secondary branches reminiscent of group Ib axon collaterals ( Figure 4E and Figure S5B ) (Brown and Fyffe, 1979 ).
These observations establish a correlation between the medio-lateral position of axon collateral entry and the dorso-ventral position of axon termination. Comparison of the trajectory of eGFPf + labeled axons with the pattern of TrkC + and TrkA + axons ( Figures 3C and 3D) , and with the intraspinal morphology of axon collaterals (Eide and Glover, 1997) , supports the view that collaterals with medial and lateral entry points derive, respectively, from proprioceptive and cutaneous sensory neurons.
Runx3 Expression Changes the Dorso-Ventral Position of Termination of Cutaneous Sensory Axons
We used eGFPf axonal tracing to examine the influence of Runx3 expression on the dorso-ventral position of termination of cutaneous sensory axon collaterals. Runx3 and eGFPf were coexpressed in individual DRG neurons with a bicistronic CAGGS vector that ensured coexpression of transcription factor and axonal tracer, and we analyzed eGFPf-labeled axons at stage 35 (Eide and Glover, 1997) .
We first examined the influence of Runx3 on the position of termination of the collaterals of cutaneous sensory axons that retained a lateral entry position. Ectopic CAGGS-driven expression of Runx3 achieved levels comparable to those found normally in proprioceptive DRG neurons ( Figure 2D and Figure S3L ) and induced a marked ventral shift in the position of axon termination, when compared to eGFPf controls ( Figures 5A-5C ). Virtually all of the eGFPf + axon collaterals of Runx3-expressing DRG neurons that exhibited a lateral entry point terminated within the ventral spinal cord (mean DTI: 0.75; p < 0.001 versus eGFPf controls) (Figures 5D and 5E) , in a position that overlapped with that of wild-type proprioceptive axons ( Figures 4F and 4J ). These ventrally-positioned eGFPf + axons typically gave rise to fewer side branches than did control eGFPf + proprioceptive axons ( Figure 5C ). These findings provide evidence that cutaneous sensory axons that maintain a lateral entry position upon Runx3 expression are induced to send their axons into the ventral spinal cord and attain a termination zone characteristic of proprioceptive axons.
TrkA expression persists in cutaneous DRG neurons that have acquired Runx3, permitting us to examine whether any of the eGFPf + axonal collaterals that extended ventrally correspond to redirected TrkA + axons. We observed ventrally directed eGFPf + axons that expressed TrkA (Figures 5F and 5G) . In addition, analysis of the pattern of TrkA after CMV-Runx3 expression revealed that a subset of TrkA + axon collaterals, of both medial and lateral origin, were induced to project into the ventral spinal cord (Figures 5H-5J) . The low incidence of transgene expression and the high dorsal density of wild-type TrkA + axons precluded us from assessing whether the TrkA + axons of neurons that express Runx3 exhibited an altered pattern of termination within the dorsal spinal cord (Figures 5H-5J) . Nevertheless, these studies confirm that TrkA + cutaneous sensory axons are included in the cohort of cutaneous DRG axons that can be directed ventrally under the influence of Runx3. They also show that Runx3 can induce the axons of TrkA + sensory neurons to select a ventral trajectory in a manner that is independent of the mediolateral position of collateral entry.
Elevated Expression of Runx3 Elicits a Ventral Shift in the Position of Termination of Some Proprioceptive Axons
We next examined whether the level of Runx3 expression and activity within proprioceptive sensory neurons (Figures 6A and 6C ). Because in some neurons, the net level of Runx3 exceeded the maximal value of our quantitative plot (Figure S1A ), this mean value is likely to be an underestimate of the increase in Runx3 protein level. The elevation in Runx3 level was not accompanied by a significant change in Er81 expression level ( Figures  6B and 6D) .
We examined whether the elevation in Runx3 expression in proprioceptive neurons is accompanied by an alteration in the position of termination of eGFPf + axon collaterals. After coexpression of Runx3 and eGFPf, all axon collaterals with medial entry positions terminated in the ventral spinal cord (mean DTI: 0.83) (Figures 6E-6H ). These axon collaterals are likely to derive from three different sensory neuronal sources. Some presumably represent the axons of endogenous group Ia proprioceptive neurons that normally project into the ventral spinal cord. Others may represent the axons of cutaneous sensory neurons that respond to Runx3 expression with a medial repositioning of their axons. But most significantly, some of these ventrally directed axons appear to represent proprioceptive afferents that would normally have terminated in the intermediate spinal cord. An elevation in the level of Runx3 expression in proprioceptive DRG neurons appears, therefore, to elicit a shift from an intermediate to a ventral axonal termination zone.
We also examined whether the actions of Runx3 are shared by Er81. Ectopic expression of Er81 in DRG neurons with a CAGGS-based vector did not repress Runx1 or TrkA expression, nor did it induce expression of Runx3 or TrkC (Figures S6A-S6G) . Moreover, expression of Er81 did not alter the medio-lateral position of TrkA + sensory axons within the dorsal funiculus (Figure S6H and S6I) , nor did it change the dorso-ventral position of termination of sensory axon collaterals (Figure S6J-S6M) . Thus, the actions of Runx3 in directing sensory axon projection patterns are not mimicked by Er81. In addition, we found that the actions of Runx3 in directing sensory axon trajectories into the ventral spinal cord were not mimicked by expression of Runx1 ( Figure S7 ).
Reduction in Runx3 Levels Results in a Graded Dorsal Shift in the Termination Zone of Proprioceptive Sensory Axons
The observation that proprioceptive sensory neurons express different levels of Runx3 prompted us to explore whether the level of Runx3 activity in proprioceptors influences the dorso-ventral position of axon collateral termination. We set out to reduce the level of Runx3 in proprioceptive DRG neurons by electroporating chick embryos at stage 26 with double stranded RNA oligomers directed against Runx3, a procedure designed to elicit siRNA-mediated transcript degradation (Elbashir et al., 2001) . Transfected DRG neurons were identified by coexpression of an nGFP construct, and the pattern of sensory axonal projections was monitored by coexpression of a tracer eGFPf construct. These nGFP and eGFPf constructs were electroporated in 10-to 100-fold lower concentrations than Runx3 RNA oligomer to ensure that all GFP + cells received dsRNA. Analysis of DRG neurons 12 hr after electroporation of 8 mM Runx3 dsRNA revealed no noticeable loss of Runx3 protein expression ( Figure S8A and S8B). But after 60 hr (stage 35), there was a 68% decrease in the number of nGFP + neurons that coexpressed Runx3, when compared with embryos transfected with nGFP alone (Figures 7A , 7B and 7D and Figures S8C and S8D) . Furthermore, the remaining eGFPf + ,Runx3
+ neurons exhibited a 74% decrease in the mean level of Runx3 expression ( Figure 7E ). The activity of Runx3 dsRNA was selective, in that the incidence and level of Runx1 and Isl1/2 expression in electroporated neurons was unchanged ( Figures S8E-S8H ). In addition, in Runx3 dsRNA electroporated DRG neurons, the incidence of coexpression of nGFP with TrkC or Er81 was not significantly different from that observed in control, nGFP-electroporated, neurons ( Figures S8I-S8L) . Moreover, the level of Er81 expression was unaffected by the loss of Runx3 ( Figure S8M ).
Genetic studies of certain Runx3 mouse mutants have suggested that the loss of Runx3 activity leads to the extinction of TrkC expression and to the death of proprioceptive sensory neurons (Levanon et al., 2002 ). In contrast, we did not observe a loss of TrkC expression or a change in the incidence of eGFP + neurons (Figure S8  and Table S1 ). One possible explanation for this difference is the timing of Runx3 depletion: in our siRNA experiments the level of Runx3 expression in proprioceptors is altered long after neurons have left the cell cycle, in contrast to the situation in constitutive Runx3 mutants (Levanon et al., 2002) . Thus, in embryos electroporated with 8 mM Runx3 dsRNA, proprioceptive DRG neurons initially express Runx3 protein but fail to maintain high protein levels during the period that their axon collaterals normally project into the spinal gray matter.
We examined whether the trajectory and termination point of proprioceptive axons is affected by dsRNA-induced reduction in Runx3 expression. The medio-lateral distribution of TrkC + axons in the dorsal funiculus was not noticeably altered by the reduction or loss of Runx3 expression (data not shown), which may again reflect the fact that the loss of Runx3 expression occurs after the assignment of mediolateral axonal position. In contrast, the dorso-ventral position of termination of proprioceptive axon collaterals was altered by the dsRNA-mediated reduction in Runx3 expression. We observed that eGFPf + axons with medial collateral entry positions now terminated primarily within the dorsal spinal cord (mean DTI: 0.20) (Figures 7F, 7G , 7I, 7K, and 7L). In addition, we detected a 25% decrease in the incidence of axon collateral entry into the spinal gray matter (Table S1 ). Thus, a severe reduction in Runx3 protein level in proprioceptive sensory neurons results in a marked dorsal shift in the termination zone of their axon collaterals.
To explore further the influence of gradations in the level of Runx3 activity, we attempted to achieve a more modest reduction in Runx3 protein level and to examine its impact on the site of termination of proprioceptive sensory axon collaterals. Electroporation of DRG with 0.8 mM (rather than 8.0 mM) Runx3 dsRNA did not change the incidence of nGFP + neurons that expressed Runx3 ( Figures 7C and 7D ) but did result in a 32% reduction in the mean level of Runx3 expression in proprioceptive neurons, compared to nGFP controls (p < 0.01) ( Figure 7E ). In these embryos, the incidence of axon collateral entry was unchanged (Table S1 ), but most eGFPf + axons with medial collateral entry positions now terminated within the intermediate zone (mean DTI: 0.46) ( Figures 7F, 7H, 7J, 7M, and 7N ). Many of these axon collaterals possessed complex secondary branching patterns typical of group Ib-like axon collaterals ( Figures 7M and 7N) . Together, these findings provide evidence that a progressive reduction in the level of Runx3 expression in proprioceptive sensory neurons results in a graded ventral-to-dorsal shift in the position of termination of their axon collaterals.
Discussion
The selectivity with which sensory axons project to different laminar target zones within the spinal cord is a key step in the formation of neural circuits that process somatosensory information. In this study, we show that Runx3, a Runt class transcription factor, has a central role in directing the projections of sensory axons in the developing spinal cord. We discuss how the cellular specificity of Runx3 expression, as well as gradations in its level of activity, help to determine the laminar patterning of sensory axons.
The Status of Runx3 Expression and Cutaneous Sensory Axon Trajectories
The axons of proprioceptive and cutaneous sensory neurons differ in their trajectory as they project into the spinal cord. They first segregate within medial and lateral regions of the dorsal funiculus and subsequently send collaterals to different dorsoventral target zones (Brown, 1981; Eide and Glover, 1997; Ozaki and Snider, 1997) .
Our data indicate that the exclusion of Runx3 expression from cutaneous sensory neurons is a prerequisite for the appropriate targeting of cutaneous sensory axons within the dorsal spinal cord ( Figure 8B ). We observed that Runx3 expression elicits a lateral-to-medial repositioning of many cutaneous sensory axons within the dorsal funiculus, although how this is achieved remains unclear. One possibility is that axonal positioning within the dorsal funiculus reflects the timing of arrival of axons at the drez. Proprioceptive sensory neurons are born before cutaneous neurons, and thus their axons are the first to arrive at the drez, and as a consequence, they come to occupy a medial position in the dorsal funiculus (Altman and Bayer, 1984) . Ectopic expression of Runx3 in prospective cutaneous sensory neurons could induce axons to arrive at the drez ahead of schedule and thus to assume a more medial position within the dorsal funiculus. Alternatively, Runx3 could influence sensory axonal positioning within the dorsal funiculus by controlling the expression of receptors involved in an active process of axonal sorting.
In principle, occupancy of the lateral region of the dorsal funiculus might confine the collaterals of cutaneous sensory axons to dorsal regions of the spinal cord. Against this idea, we find that many cutaneous sensory axons that retain a lateral position upon Runx3 expression project into the ventral spinal cord. Thus, there is not an obligate link between axonal positioning within the dorsal funiculus and the dorso-ventral position at which axon collaterals terminate. It remains unclear, however, whether all classes of cutaneous sensory neurons are equally sensitive to the actions of Runx3. We note that CMV-driven Runx3 induces only a minority of TrkA + axons to project into the ventral spinal cord. The partial penetrance of this TrkA axonal projection phenotype could simply reflect the transience of transgene expression achieved with the CMV vector, such that Runx3 activity has declined below effective levels in many neurons by the time that sensory axon collaterals extend ventrally. Nevertheless, we cannot exclude the possibility that the ventralizing activity of Runx3 is restricted to a subset of cutaneous sensory neurons. If this is the case, the high penetrance of ventral projections elicited by CAGGS-driven Runx3 would imply that this vector preferentially targets the Runx3-sensitive population of cutaneous neurons. Even within the Runx3-sensitive population of sensory neurons, the transformation from a cutaneous to proprioceptive axonal projection pattern may not be complete. For example, the cutaneous sensory axons that are induced by Runx3 to project into the ventral spinal cord typically exhibit a secondary branching pattern that is less extensive than that of wildtype proprioceptive axons. This may reflect the fact that core aspects of cutaneous sensory phenotype-notably Runx1 and TrkA expression-are retained upon Runx3 expression.
The finding that many TrkA + cutaneous sensory neurons express Runx1 raises the question of whether this Runx factor also regulates sensory axon trajectory. Differences in the laminar targeting of TrkA + cutaneous sensory axons in the superficial dorsal spinal cord have been reported in Runx1 mutant mice, and in mice in which Runx1 is overexpressed in cutaneous sensory neurons (Chen et al., 2006; Kramer et al. 2006) , showing that Runx1 has a role in regulating the trajectory of sensory axons. Moreover, in mice, Runx3 and Runx1 induce similar defects in the laminar targeting of TrkA + axons in the superficial dorsal spinal cord (Kramer et al., 2006) , a phenotype that we have not been able to assay in chick. In contrast, we find that the ability of Runx3 to direct cutaneous sensory axons into the ventral spinal cord is not mimicked by overexpression of Runx1 (Figures S7A-S7D) , suggesting that the activities of Runx3 (Brown and Fyffe, 1978, 1979; . (B) Proposed activities of Runx3 and Er81 in different classes of DRG neurons. Cutaneous sensory neurons do not express Runx3, permitting their axon collaterals to terminate in the dorsal spinal cord. Intermediate levels of Runx3 activity direct the axons of proprioceptive sensory neurons to an intermediate termination zone. High levels of Runx3 activity direct proprioceptive axon collaterals into the ventral horn. Er81 may influence proprioceptive axonal projection pattern by enhancing Runx3 expression and/or activity. and Runx1 differ, at least in the establishment of a proprioceptor-like axonal trajectory. Thus, the two Runx proteins expressed by subsets of DRG neurons appear to have some distinct and some common activities in the control of axonal trajectory.
Quantitative Changes in Runx3 Expression Level and the Control of Proprioceptive Axonal Trajectory One conclusion of our studies is that relatively modest differences in the level of transcription factor expression in post-mitotic sensory neurons can exert a profound influence on axonal projection pattern. This finding suggests a model in which the different dorso-ventral positions of termination of the axons of group Ib, II, and Ia axons are specified by gradations in the level Runx3 activity in these three proprioceptive neuronal populations (Figure 8 ). How sensory neurons might acquire different levels of Runx3 activity remains unclear. One possibility is that differences in Runx3 activity level are set by the level of protein expression. We observe considerable variation in Runx3 protein levels in individual proprioceptive sensory neurons, but the complex morphology of spinal sensory neurons, combined with the lack of markers of group Ib, II, or Ia proprioceptors, has prevented us from correlating directly the level of Runx3 protein expression, proprioceptor neuronal subtype, and axonal projection pattern. Thus, different levels of Runx3 activity could equally well be set by other factors expressed by proprioceptive sensory neurons. The possibility that Er81 serves such a role is discussed below.
Our studies have not resolved the cellular mechanisms by which Runx3 controls the dorso-ventral termination point of sensory axons. The distinct laminar patterns of termination of sensory collaterals could reflect differences in the intrinsic growth capacity of sensory axons. In this view, the influence of Runx3 on laminarspecific projection patterns could result from changes in the expression of intrinsic factors that govern the extent of sensory axonal growth. Alternatively, cells in different target zones could express ligands that interact with receptors on different classes of sensory axons to inform them of their laminar termination position. Consistent with this possibility, immunoglobulin-like adhesion proteins and semaphorin signaling have been implicated in the differential patterning of proprioceptive and cutaneous sensory axonal projections in the developing spinal cord (Messersmith et al. 1995; Fu et al. 2000; Perrin et al., 2001 ). Runx3 may therefore regulate the expression of surface receptors that direct proprioceptive sensory axons to the intermediate and ventral spinal cord.
The graded influence of Runx3 activity on sensory axonal projection pattern has a counterpart in genetic studies in Drosophila, which have shown that the homeodomain transcription factor Cut defines the dendritic branching pattern of different mechanosensory neuron subtypes (Grueber et al., 2003) . These actions of Cut are dose dependent, and here, the level of Cut expression in individual mechanosensory neurons has been shown to correlate with dendritic branching pattern (Grueber et al., 2003) . In addition, the emerging role for Runx3 in shaping vertebrate sensory axonal projections has parallels with the functions of Runt (Run), the founding member of the Runx family of transcription factors, in controlling the laminar targeting of Drosophila photoreceptor axons (Kaminker et al., 2002) . Expression of Run is normally restricted to the subset of photoreceptor neurons that project to the medulla, the distal-most target within the optic lobe (Kaminker et al., 2002) . And ectopic expression of run in photoreceptor neurons that normally project to the lamina, a more proximal target, does not change their identity but does induce axons to project deep into the medulla (Kaminker et al., 2002) . Intriguingly, the two photoreceptor neurons that normally express Run project to different zones within the medulla, raising the possibility that different levels of Run activity regulate the fine laminar targeting of these Drosophila photoreceptor neurons.
Primacy of Runx3 in Establishing Proprioceptive Sensory Axonal Projection Pattern
Genetic loss of function studies in mice indicate that Er81 and Runx3 participate in the control of proprioceptive axonal projection pattern (Arber et al., 2000; Levanon et al., 2002; Inoue et al., 2002) . Our studies suggest that Runx3 has a primary role in assigning proprioceptive sensory axonal projection pattern and that Er81 functions indirectly to enhance the activity of Runx3. The primacy of Runx3 in defining the trajectory and termination zone of proprioceptive axons is supported by several observations. First, ectopic expression of Runx3 can direct cutaneous sensory axons into the ventral spinal cord in the absence of Er81. Second, an elevation in the level of Runx3 expression redirects proprioceptive sensory axons from the intermediate to the ventral spinal cord, without changing the level of Er81. Third, progressive siRNA-mediated reduction in the level of Runx3 expression causes proprioceptive sensory axons to terminate in intermediate and dorsal zones of the spinal cord, again in the absence of any overt change in Er81 expression. Finally, neither ectopic nor elevated expression of Er81 results in an obvious change in sensory axonal trajectory.
What then is the contribution of Er81 to the patterning of proprioceptive sensory axonal projections? Proprioceptive sensory axons terminate in the intermediate spinal cord in Er81 mutant mice (Arber et al. 2000) and after siRNA-mediated reduction of Er81 in chick (A.I.C. and T.M.J., unpublished data). One plausible function of Er81 could be to enhance the activity of Runx3, bringing levels in many proprioceptive sensory neurons above a critical threshold that is needed to direct axons into the ventral spinal cord (Figure 8 ). Runx and ETS proteins interact directly in certain nonneural cell types, and the resulting protein complexes exhibit enhanced transcriptional activity (Mao et al., 1999; Gu et al., 2000) , raising the possibility that a similar mechanism operates in DRG sensory neurons. Alternatively, Er81 may enhance Runx3 activity by maintaining high Runx3 protein levels over the period that sensory axons project into the ventral spinal cord. Independent of mechanism, the combined findings of studies in chick and mouse can be explained by invoking a primary role for Runx3, rather than Er81, in specifying proprioceptive sensory axonal projection pattern.
Our findings also provide insight into the respective contributions of TrkC and Runx3 in specifying the projections of proprioceptive sensory axons. The idea that the status of Trk expression influences axonal trajectory emerged from genetic studies showing that the replacement of TrkA by TrkC in cutaneous sensory neurons directs their axons into the ventral spinal cord (Moqrich et al., 2004) . Our results favor an indirect role for Trk signaling, since Runx3 expression can direct cutaneous sensory axons into the ventral spinal cord in the absence of TrkC expression and in the face of persistent TrkA expression. Conversely, siRNA-mediated loss of Runx3 expression abolishes ventral proprioceptive axonal projections without noticeably affecting TrkC expression. Moreover, TrkC signaling is necessary and sufficient for the induction of Er81 expression (Patel et al., 2003; Moqrich et al., 2004) . Together, these observations suggest that TrkC signaling in proprioceptive sensory neurons induces or maintains the expression of transcription factors that determine axonal trajectory and termination zone.
Experimental Procedures
In Ovo Electroporation of Dorsal Root Ganglia Fertilized chick eggs (Spafas, Truslow Farms) were incubated at 38ºC. Electroporation (Muramatsu et al., 1997) of DNA constructs was performed at HH stages 26. DNA solutions (3-5 mg/ml in TE [pH 7.5] with 0.2% Fast Green) were injected near brachial DRG with a square pulse electroporator (BTX) at 40 V (pulse length: 50 ms; number of pulses: five; intervals: 1 s). Electroporated embryos were incubated to stages 30-35. The rare embryos that exhibited a significant incidence of transgene expression in the spinal cord were excluded from further analysis.
Cloning of Chick Runx3 and Generation of Expression Vectors
Full-length chick Runx3 cDNA was obtained by screening a chick DRG (HH stages 37-38) cDNA library (gift of Dr. K. Dunlap) using a 1 kb fragment of mouse Runx3 cDNA. Reporter constructs driven by CMV or CAGGS promoters were used to mark electroporated DRG neurons: pCS2-nls-LacZ (CMV) (Novitch et al., 2001) , peGFP-N2 (CMV promoter, Clontech), and pCAGGS-ires-nls-eGFP (gift from J. Briscoe). pCAGGS-ires-nls-LacZ was used to visualize the nuclei of electroporated DRG neurons, and pCAGGS-ires-eGFPf to trace sensory axons. For misexpression experiments, full-length cDNAs of chick Runx3, mouse Runx1 (J.C.d.N. and T.M.J., unpublished data), or chick Er81 were cloned upstream of the ires sequence to generate pCAGGS-cRunx3-ires-nls-eGFP, pGAGGScRunx3-ires-eGFPf, pCAGGS-mRunx1-ires-nls-eGFP, pCAGGScEr81-ires-nls-LacZ, and pCAGGS-cEr81-ires-eGFPf. To express an N-terminally Myc-tagged version of cRunx3, a cRunx3 cDNA was cloned into the CMV promoter/enhancer-based expression vector pCS2 + MT6 (Novitch et al., 2001) .
dsRNA Oligomer Generation 21 bp RNA duplexes directed against Runx3 and Runx1 were generated according to Dharmacon siDesign center (http://design. dharmacon.com/). Runx3 dsRNA target sequences used: 5 0 -AAG GUCGUGGCGCUCGGAGAC-3 0 and 5 0 -AACGCCUCCGCCGUGAU GAAG-3 0 . Runx1 dsRNA target sequences are: 5 0 -AAAAACAGCG UAUUUGAUUCA-3 0 and 5 0 -AAUCACGGUGAUGGCUGGAAA-3 0 .
Antibody Reagents
A guinea pig antiserum against chick Runx3 was generated with an N-terminal peptide (CTRMLSSSTSASAGNNLM). Antibodies used: rabbit anti-mRunx1 (1:16000; J.C.d.N. and T.M.J.); guinea pig anticRunx3 (1:32000); rabbit anti-cTrkA, cTrkB, and cTrkC (1:16000) (Lefcort et al., 1996) ; mouse anti-cEr81 (1:100) (Lin et al., 1998) ; mouse (1:100), rabbit (1:5000), and guinea pig anti-Myc (1:10000) (Novitch et al., 2001) ; goat anti-b-galactosidase (1:1,000; Biogenesis); sheep anti-GFP (1:500; Biogenesis); rabbit anti-GFP (1:1000; Molecular Probes); guinea pig ( (1:100; Cell Signaling). FITC-, Cy3-, and Cy5-conjugated secondary antibodies (1:1000) were obtained from Jackson Immunoresearch.
Cell Counts and Quantification of Runx3 and Er81 Protein Levels Transcription-Factor Expression
The total number of Runx3 + and Runx1 + nuclei were counted in serial sections through brachial DRG (three brachial DRG from two embryos, for each stage). The number of neurons in each DRG was determined by counting Isl1/2 + nuclei within individual sections. Runx3 Protein Level Runx3 protein level within individual DRG neurons was quantified by nuclear immunofluorescence intensity on 15 mm cryostat sections. Runx3 antiserum was titrated to a dilution of 1:32000 to permit detection of a wide range of protein levels ( Figures S1A and S1C ). Acetyl-Histone H3 antiserum was titrated and used as a comparison with Runx3 protein levels. Runx3, acetyl-Histone H3, and Er81 protein levels were assessed using ImageJ (version 1.28u, NIH) by measuring the pixel intensity within a circle around individual nuclei (Figure S1C) . To quantify the level of Trk expression, we divided the dorsal funiculus into medial and lateral domains, and pixel intensities in both domains were measured with ImageJ software.
DRG Neuron Electroporation Frequency
The number of eGFP electroporated neurons was assessed with confocal images of 15 mm DRG sections in stage 35 embryos.
Analysis of Axon Collateral Projection Patterns
Axon Collateral Reconstruction Images of eGFPf-labeled axon collaterals were collected on a BioRad MRC-1024 confocal microscope, analyzed with Confocal Assistant (version 4.02), and reconstructed with Neurolucida (version 4.33, MicroBrightField, Colchester, VT). Collateral endings were verified in individual confocal Z-stack images ( Figure S4 ). Traces of individual collaterals were used to assess the position at which sensory axon collaterals terminated along the dorso-ventral axis of the spinal cord. Statistical analysis on DTI values was performed by Student's t test.
Incidence of Axon Collateral Entry
The incidence of axonal collateral entry into the spinal cord was determined by counting the number of individual eGFP-labeled axon collaterals within the dorsal spinal gray matter in 250-300 mm transverse vibratome sections of spinal cord of stage 35 embryos. Collaterals were counted without attempt to trace their mediolateral entry position or termination profile. The ratio of axon collaterals to electroporated DRG neurons was assessed when possible. Incidence of Reconstructed Axon Collaterals/Embryo We determined the mean incidence of reconstructed axon collaterals (x ) as a function of the total number of embryos (n) used for analysis. This analysis excludes all axon collaterals whose mediolateral entry position, trajectory, or termination point could not be determined with accuracy. The number of axon collaterals that met these conditions was therefore much lower than that used to determine the incidence of axon collateral entry.
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